1,2-ethanedithiol (EDT) (vol. ratio 1:1) at room temperature in a nitrogen-filled glovebox with both water and oxygen level <0.1 ppm. The sequence of adding solutions has no observable influence on the resulting solutions. The standard preparation sequence was: (i.) solid powders, (ii.) BA/HA, (iii.) EDT. It should be noted that none of the above powders dissolve in either primary amines or 1,2-ethanedithiol. The highest solubility (wt.%) of a metal or a metal chalcogenide in primary amine-dithiol solvent mixture was determined experimentally by observing how much bulk powders dissolved in a mixture of BA and EDT (vol. ratio of 1:1) at room temperature within ten days. Generally, gas bubbles are formed during the dissolution of metal powders in BA/HA-EDT solvent mixtures. For the dissolution rate, Zn metal dissolves faster than Cu and Sn metals; copper chalcogenides dissolve faster than tin chalcogenides. Also, dissolving the same amount of metals or metal chalcogenides takes shorter time in lower boiling point solvent mixtures. For example, the dissolution in BA-EDT is faster than in HA-EDT.
Although the dissolution experiments were first performed inside a nitrogen-filled glovebox, we found that the above bulk powders except Cu and Ag 2 Se could also be dissolved in BA/HA-EDT in air atmosphere. The colors of the resulting solutions are the same as that of corresponding solutions prepared in a nitrogen-filled glovebox.
Preparation of CZTSSe Precursor Solutions
The preparation of CZTSSe precursor solutions involves the formation of component solutions, and then the mixing of component solutions. The preparation of CZTSSe precursor solutions was performed in a N 2 -filled glovebox. The detailed procedures for component solutions and precursor preparation are described as follows. 
Deposition of Multinary Chalcogenide Thin Films
Precursor films were deposited by spin coating the precursor solutions on molybdenum-coated soda lime glass. For the deposition of binary thin films, the substrates were first flooded with the corresponding binary precursors and then spun at 800 rpm for 30 sec. For the deposition of CZTSSe precursor films, the spin coating process is programmed at 500 rpm for 5 sec and 1500 rpm for 25 sec. After the deposition of each precursor layer, the thin film was annealed at ~300°C for 5 min. These steps were repeated until the desired thickness was acquired. Then, the thin film was further annealed at 500°C in a selenium atmosphere for 30 min to achieve a large-grained morphology. The selenization condition is described in previous publications. [1] [2] [3] 
Thin Film Characterization
Grazing incident X-ray diffraction (GIXRD) data were collected using a Rigaku diffractometer (Cu K α radiation, 0.154 nm wavelength) with parallel-beam mode. Raman spectra were gathered from HORIBA Jobin Yvon LabRam HR800 system with an excitation wavelength of 633 nm.
The thin film morphology and compositions were characterized using a FEI Quanta scanning electron microscopy (SEM) equipped with energy dispersive X-ray spectroscopy (EDX) (Oxford Aztec Xstream-2 silicon drift detector, SDD). FIB-lift off samples were processed in FEI Helios, and then characterized with 200-kV Hitachi 2700C equipped with Bruker SDD EDX.
Solar Cell Fabrication and Characterization
The CZTSSe absorbing layer was fabricated based on the direct solution route. The material layers from the bottom to the top of a complete device are: soda lime glass (SLG, ~2 mm), fibertextured molybdenum film (Mo, ~800 nm), chemical bath deposited cadmium sulfide (CdS, ~50 nm), sputtered intrinsic zinc oxide (ZnO, ~80 nm) and tin-doped indium oxide (ITO, ~220 nm), and e-beam deposited Ni/Al metal contacts. A ~100 nm antireflective magnesium fluoride (MgF 2 ) coating was applied on the cell prepared from Solution 2. The J-V characteristics were measured with a four-point probe station using a Keithley 2400 series sourcemeter and a Newport Oriel simulator with AM 1.5 illumination. The solar simulator was calibrated to 100 mW/cm 2 using a Si reference cell certified by NIST. Table S1 summarizes the metals and metal chalcogenides, which are soluble in the primary amine-monothiol/dithiol solvent mixtures. The primary-monothiol solvent mixture cannot dissolve these metals and metal chalcogenides except zinc powders (≤0.1 M). The primary amine-dithiol solvent mixture can dissolve many metals and metal chalcogenides in both inert and air atmospheres at room temperature (Fig. S1) . 
RESULTS

Solutions in Primary Amine-dithiol Mixtures:
Deposition of Zn Solutions:
The as-dried and as-annealed films from the Zn solution were characterized using GIXRD (Fig. S2) . The amorphous precursor film converted to ZnS, with a mixture of zincblend (F-43m) and wurtzite ZnS (P6 3 m), after annealing at 300°C for 10 min. This indicated that EDT supplied sulfur for the formation of ZnS. When sulfur was also provided externally by adding a sulfur solution into the zinc solution ([Zn]:[S]=1:1.25), the crystallinity of the film was improved, and both zincblend and wurtzite ZnS were formed. to the annealing temperature used in this study (Fig. S3) . 
CZTS Film Deposition from Solution 1:
The annealed CZTS precursor film is flat and smooth over a large area (Fig. S4a) . The total thickness is around 800 nm for an 8-layer coating, with each precursor layer densely packed onto the Mo substrate (Fig. S4b) . The GIXRD and Raman spectrum in Fig. S4e and S4f reveal that the precursor film consists of kesterite CZTS nanoparticles. The formation of kesterite CZTS phase at this low temperature is attributed to the low formation energy of this quaternary phase and the compositional homogeneity of the precursor film. After selenization at 500°C for 40 min, large grains with layered structure were formed ( Fig. S4b and d) . As shown in Fig. S4e , the sharp peaks in GIXRD pattern are aligned with kesterite CZTSe phase with a slight high angle shift. In the Raman spectrum (Fig. S4f) , the peak at 173, 197, 234, and 247 cm -1 correspond to kesterite CZTSe phase, while the small, broad peak at 328 cm -1 is attributed to the vibration of S atoms in the lattice, 4 indicating the existence of residual S atoms in the lattice after the selenization. 
